Purpose Biochar has agronomic potential but currently is too expensive for widespread adoption. New methodologies are emerging to reduce the cost such as enriching biochar with nutrients that match crops and soil requirements. However, the effects of biochar-based fertilisers on plant yield and soil nutrient availability have not been widely examined. This study investigated the effects of a novel organo-mineral biochar fertiliser in comparison to organic and commercial biochar fertiliser on ginger (Zingiber officinale Canton). Materials and methods There were four treatments: (1) commercial organic fertiliser (5 t ha
Introduction
The human population is projected to exceed nine billion by 2050 and currently one in nine are undernourished (Godfray et al. 2010 ; United Nations 2017). As a result, demand for food is expected to double by mid-century despite current agricultural practices having a negative effect on global food production (Tilman et al. 2011; Liu et al. 2015) . Poor land management practices and intensified chemical fertiliser use are contributing to soil degradation, depleting soil organic matter and fertility (Lal 2009) . A grand challenge for humanity in the coming decades will be to produce food for nine billion inhabitants while managing the environmental consequences of modern agriculture (Lal 2009; Mueller et al. 2012; Rickson et al. 2015) . Improving fertiliser technology and adopting organic farming practices could maintain food production while increasing long-term sustainability, reducing environmental impacts and increasing soil organic carbon stores (Venkat 2012; Aguilera et al. 2013; Rickson et al. 2015) .
Over the last decade, the practice of adding biochar to agricultural soils has demonstrated many agronomic benefits (Steiner et al. 2007; Chan et al. 2007; Spokas et al. 2012 ). This practice is built upon a growing body of knowledge around the high fertility of ancient Amazonian soils (Lehmann et al. 2003) . Biochar contains high levels of carbon (C) and is produced by pyrolysis of biomass, a thermochemical conversion by heating in an oxygen-deprived environment (Lehmann 2007) . Many studies show that biochar can improve soil fertility and plant growth (Reverchon et al. 2014; Agegnehu et al. 2015; Bai et al. 2016) . The reported benefits include improved soil biochemical and physical properties such as increased organic matter, pH, cation exchange capacity (CEC), water and nutrient retention Lehmann et al. 2011; Joseph et al. 2015b; Mehmood et al. 2015) . Biochar application increases bacterial diversity and abundance of nitrifying bacteria in soils in the short term (Nguyen et al. 2018) . Biochar also promotes long-term storage of C in soils leading to a change in crop productivity (Chia et al. 2014; Zhao et al. 2014; Xu et al. 2015a ). However, pure biochar has variable results on crop yield, including some negative effects when applied to soils especially in temperate zones (Hammond et al. 2013; Vaccari et al. 2015; Zhang et al. 2016) . Furthermore, biochar may not be economically viable for widespread agricultural use without incentives such as carbon credit systems (Bach et al. 2016; Vochozka et al. 2016) .
Yield improvements after biochar application have been linked to increased phosphorus (P) and nutrient availability (Cheng et al. 2006; Bai et al. 2015b; Xu et al. 2015b ). Increased NPK after biochar application has been associated with increased microbial mineralisation, release of nutrients from the biochar surface, increased residence time of nutrients in the soil and decreased leaching Nguyen et al. 2017b; Sarfraz et al. 2017) . However, in the short term, nutrient immobilisation on the biochar surface may decrease nutrient availability leading to effects on plant growth and yield in short-lived plants (Taghizadeh-Toosi et al. 2012; Nguyen et al. 2017a) . Therefore, adding nutrients to biochar may decrease negative effects of nutrient immobilisation leading to improved soil nutrient availability as well as decreased nutrient leaching from soil TaghizadehToosi et al. 2012; Nguyen et al. 2017a) .
Biochar has been integrated with synthetic fertilisers, used as a bulking agent to improve composts and most recently enhanced by combining with clays, manures and minerals to create biochar-mineral complexes to address variability in yield and to decrease biochar application rates (Kim et al. 2014; Darby et al. 2016; Ye et al. 2016 ). New biochar-based fertilisers are emerging and have demonstrated positive effects in yield and quality of pepper, peanut and maize crops (Glaser et al. 2015; Yao et al. 2015; Zheng et al. 2017) .
Organo-mineral biochar fertilisers have the potential to be customised to soil, crop and climatic requirements by selecting an appropriate feedstock, pyrolysis temperature, clay and mineral ingredients Abiven et al. 2014; Morales et al. 2015; He et al. 2017) . Generally, these products involve mixing differing biochars, acids, clays, minerals and organic nutrients post-pyrolysis. Mixing can be done on the hot biochar or can be carried out at room temperatures (Chia et al. 2014; Joseph et al. 2015a ). Organo-mineral complexes used alone have also increased the abundance of beneficial microbes ensuring that there is greater plant availability of macro-and micronutrients (Nielsen et al. 2014; Joseph et al. 2015a; Blackwell et al. 2015) . Our complementary studies have indicated that organo-mineral biochar maintains significantly higher dissolved organic carbon (DOC) than compost and compost plus biochar in a short-term incubation trial and increased leaf TN and N use efficiency compared to organic fertiliser (Darby et al. 2016; Nguyen et al. 2017a) . Most recently, commercial biochar-based fertilisers have emerged; however, the effects of these compounds on plant yield and soil nutrient availability have not been examined (Nguyen et al. 2017a) .
The aims of this study are to investigate the effects of organic fertiliser, commercial biochar-based fertiliser and organo-mineral biochar fertilisers using ginger (Zingiber officinale Canton). We used ginger as a model system in this study because it is a high value crop that is nutrient and water intensive (Nair 2013; Seyie et al. 2013) . Ginger crops are prone to nutrient leaching and erosion as it is commonly grown under heavy mulch in raised beds that are tilled and irrigated, making it a suitable model system to represent intensive horticulture (Attoe and Osodeke 2009; Camacho and Brescia 2009; Akinwumi et al. 2013) .
We hypothesised that both organo-mineral biochar fertiliser and commercial biochar-based amendment would (1) improve soil nutrient availability, especially P and in turn improve plant growth, yield and grade, and (2) when applied at low concentrations (< 5 t ha −1 ) improve nutrient concentrations, especially P and yield equally or better than commercial organic amendment.
Materials and methods

Site description
A pot trial was established in October 2014 at an organic ginger farm 3 km W/NW of Landsborough, QLD, Australia (26°47′ 35″ S, 152°56′ 18″ E). Throughout the study period, average monthly maximum temperature ranged from 22 to 27°C. One thousand six hundred eighty millimeters of precipitation was recorded during the 7-month study at a nearby Bureau of Meteorology station (Fig. 1 ).
Potting and nursery establishment
Twenty-one soil samples were taken at a site that had been spelled from previous dairy grazing use for 30 years to a maximum average depth of 300 mm using an excavator, then homogenised with tractor-driven rotary hoe. The soil was a black dermosol (AE DE under the Australian soil classification system) and initially prepared by manually sieving to particle size ≤ 5 mm (McDonald et al. 1990; Nguyen et al. 2017a) . Preliminary soil analysis was carried out at a commercial laboratory as summarised in Table 1 . Initial values of N, P, K, S and Zn were considered low, magnesium (Mg) high and others in a satisfactory range for general small cropping.
Soil (10 L) was placed in a cement mixer with the allocated treatment and mixed for 5 min. Ginger seed rhizomes were collected in October 2014. The rhizomes were divided into approximately 60 g pieces and each piece showed two or more un-sprouted eyebuds (Smith and Hamill 1996; Dinesh et al. 2012) . Open wounds were coated with wood ash and seeds were randomly allocated to pots. One individual ginger seed piece was then placed in the centre of the potted medium and mulched with 2 l (≈ 100 mm) of pine sawdust in line with farmer practice (Nguyen et al. 2017a) . Statistical analysis (analysis of variance (ANOVA)) was conducted to ensure no significant differences existed in seed weight among all treatments (Table S1 , Electronic Supplementary Material).
Pots were then placed into a nursery and irrigated on dry days when local ambient temperature was forecast to rise above 30°C. Pots were watered using two Meganet™ overhead sprinklers designed to deliver 250 L h −1 . Sprinklers were placed at a fixed height approximately 300 mm greater than the tallest plants at any growth phase. Irrigation was controlled by computer timing via a Rain Bird STPi Controller™ programmed to water four times per day for 20-min intervals, coinciding with the hottest part of the day (Nguyen et al. 2017a ). Plants were routinely inspected for root growth protruding from pots and systematically removed with scissors.
Treatments and experimental design
The experiment comprised of four treatments as described in detail by Nguyen et al. (2017a) . The treatments included (1) a control organic fertiliser regime applied at 5 t ha −1 (organic fertiliser); (2) commercial biochar-based fertiliser applied at 5 t ha −1 (commercial biochar fertiliser); (3) organo-mineral biochar fertiliser applied at 3 t ha −1 (organo-mineral biochar fertiliser, low rate); and (4) organo-mineral biochar fertiliser applied at 7.5 t ha −1 (organo-mineral biochar fertiliser, high rate). The control organic fertiliser regime included a commercial chicken manure-based fertiliser sourced from an Australian market (Table 1 ). The commercial organic fertiliser was a certified Australian organic registered garden product (Allowed Input 454AI). The organic fertiliser treatment combined organic commercial fertiliser and other standard organic ginger practice amendments including gypsum, rock phosphate, granular boron and potassium sulphate as per current farmer practice ( Table 2 ).
The biochar-based fertiliser was obtained from a commercial supplier (Table 1 ). The commercial biochar fertiliser treatment included bamboo biochar-based fertiliser and standard organic amendments including gypsum, rock phosphate, granular boron and potassium sulphate as per current farmer practice ( Table 2) .
The organo-mineral biochar fertiliser was manufactured following a patented preparation method (PCTI/AU2010/ 000534, Anthroterra Pty Ltd., Somersby, NSW, Australia) previously described in Chia et al. (2014) . In brief, two separate biochar products, including manure-based biochar and bamboo-based biochar, were combined with organic fertiliser and standard amendments and subjected to low temperature post-pyrolysis at 180°C for 24 h. The manure-based biochar was the result of slow pyrolysis on-farm in a home-made drum-style reactor at approximately 450°C highest temperature treatment (HTT). Manure-based biochar feedstock consisted of fresh poultry litter including discarded feed pellets and feathers and barley straw combined with oxides and clays (45:45:5:5 by weight) prior to pyrolysis. Two bamboobased biochars were commercially produced at high (600°C HTT) and low (450°C HTT) temperatures and sourced from a commercial supplier. Both bamboo biochars were combined with organic fertiliser and commercially sourced (SigmaAldrich and Australian Metal Powders Suppliers) oxides (iron (III) oxide (Fe 2 O 3 ) and iron (II) sulphate (FeSO 4 )) (50:40:10 by weight) to form the bamboo biochar component. The two manure-based and bamboo-based biochars previously described were then combined (30 and 20% of the final composition) with further minerals (18%), commercial organic fertiliser (15%), clay materials (10%), barley straw ash (5%) and magnetite (2%). This mixture was moistened with tap water to form a paste, homogenised and baked in trays in a laboratory oven at 80°C for 3 h. The organic fertiliser and additional minerals used to manufacture organo-mineral biochar fertiliser were the same products used in other treatments. The approximate cost to commercially produce this treatment (AU$605 t −1 ) was calculated by summing the cost of organo- The application rate of organic fertiliser and commercial biochar was based on the manufacturer's recommended maximum application rate of 5 t ha −1 allowing for incorporation into the top 200 mm of soil. The approximate cost of application for organic fertiliser treatment at the time of planting was AU$3500 ha −1 based on 5 t ha −1 rate. Low rate organomineral biochar fertiliser application rate was calculated to contain similar P content as the organic fertiliser control (0.92 and 0.86 g pot −1 , respectively) ( Table 2) . Therefore, the low rate organo-mineral biochar fertiliser was applied at 3 t ha −1 equivalent 0.92 g pot −1 P content (Table 2) . We also applied a high rate of organo-mineral biochar fertiliser at the rate of 7.5 t ha −1 nutrient content which consequently had 2.30 g pot −1 P content. The approximate cost of application for organo-mineral biochar fertiliser low and high rate treatments at the time of planting was AU$1815 ha −1 and AU$4538 ha
, respectively. The recommended rate of commercial biochar fertiliser had approximately 44% less P than the organic fertiliser control ( Table 2) .
The experiment was designed as a randomised block design with 10 replicates per treatment. Weeds and insects were routinely removed by hand, plants were monitored for evidence of disease and removed if necessary, pest attack was managed by manually removing insects and pots were rerandomised within allocated blocks monthly.
Plant growth and biomass measurements
Plant growth was recorded on all pots from October 2014 to April 2015. Pots were monitored twice daily until 90% of plants had germinated 6 weeks after planting and measurement frequency was decreased proportionally over time. Measurements were then recorded twice weekly for 12 weeks, weekly for weeks 12-16 and every 4 weeks until the onset of senescence at week 25. Plant height (mm) was measured either to the tip of the shoot if leaves had not developed or to the base of the youngest fully developed leaf. Other nondestructive measures including number of stems, number of fully expanded leaves, number of flowers and flower height were recorded.
All plants were harvested on the 15th and 16th of May 2015, approximately 30 weeks after planting and when plants had displayed advanced stages of senescence. Biomass was categorised as roots, rhizomes, stems or flowers. Roots were recovered by sieving and washing the soil. Rhizomes were visually graded based on size as small, medium, large and jumbo by an experienced ginger packer operating in accordance with Brisbane market standards (Camacho and Brescia 2009) . Biomass wet weights were recorded, and dry weights Organic fertiliser (5 t ha −1 ), commercial biochar fertiliser (5 t ha −1 ) and organo-mineral biochar fertiliser at low (3 t ha −1 ) and high (7.5 t ha −1 ) rates based on similar P content to organic fertiliser
were determined by oven drying at 60°C until they displayed a constant weight for 24 h. The following variables were calculated for each pot at the end of the trial: aboveground (stems + flowers), below ground (rhizome + roots) and total (above + below), total stem height (sum height all stems), mean stem height (total stem height/ number of stems), mean stem dry weight (total stem dry weight/number of stems), number of leaves (sum all leaves on all stems), mean leaves per stem (number of leaves/number of stems), total flower height (sum height all flowers), root mass fraction (dry root biomass/total dry biomass), relative growth (total wet biomass/seed weight) and relative yield (wet rhizome yield/seed weight). Commercial value was calculated by multiplying wet rhizome yield by (2013 Brisbane) market price according to the grade of harvested rhizomes.
Plant and water extractable soil nutrients
Leaf tissue and soil samples were collected from five replicates to measure nutrient levels. Sampling was undertaken to reflect the middle and end of the ginger growth phase and senescence at weeks 14, 22 and 30 after planting, respectively (Nair 2013; Nguyen et al. 2017a) . At each sampling time, the second and third fully developed leaves at each sampling point were cut at the stem joint. Leaf tissue was oven dried at 60°C for 2 days and ground in a Rocklabs™ ring grinder to a fine powder. Afterwards, 0.2 g subsamples of the leaves were di-acid microwave digested in a 6-mL nitric acid (70% w/w) and 2-mL hydrogen peroxide (30% w/w). The solution was then cooled to room temperature and diluted in acidwashed glassware to 25 mL with deionised water. A 10-mL subsample was used to measure foliar nutrients using inductively coupled plasma-optical emission spectrometry (Optima-5300V, PerkinElmer, Waltham, MA, USA) (Zarcinas et al. 1987; Bai et al. 2015b; Tavakkoli et al. 2010) . All replicates were measured for P, potassium (K), calcium (Ca), Mg, sulphur (S), iron (Fe), zinc (Zn), boron (B), copper (Cu), sodium (Na) and aluminium (Al).
At each sampling point,~100 g of soil was taken using a clean spoon without disturbing the roots. A subsample of approximately 10 g was immediately diluted in 50 mL of deionised water and shaken twice, 1 min apart, for 5 s. Soil pH and oxidation reduction potential (ORP) was measured using a hand-held meter with deionised water in a 1:5 (soil/ water ratio) dilution (Hanna Instruments, HI 98121). Remaining soil was air dried and sieved to a maximum particle size of 2 mm. Macro-and micronutrients including P, K, Ca, Mg, Fe, Na, Al, B, Zn, Cu and S were assayed for water extractable nutrients. To analyse soil nutrients, 10 g of sieved soil was added to 20 mL deionised water and shaken overnight using an end-over-end shaker. It was then centrifuged at 10,000 rpm (RPM) for 10 min then filtered to 0.45 μm . The nutrient content of the soil extract was measured using an ICP-OES (Optima-5300V, PerkinElmer, Waltham, MA, USA).
Scanning electron microscope analysis of biochars for characterisation
After harvesting, approximately 100 biochar particles were collected from the soils and 20 of these were taken at random, carefully washed, dried, mounted on stubs and examined using the procedure detailed in Lin et al. (2012) . The visual and elemental analysis of the biochars after the trial was carried out using a Zeiss SEM equipped with a Bruker X-ray energy dispersive spectroscope (EDS).
Statistical analysis
Data were tested for normality and equal variance using the skewness statistic, Shapiro-Wilk normality test and visual inspection of plotted residuals. Data were transformed to meet the assumptions of ANOVA using log10 and inverse transformations where required. Values reported in tables and figures are the arithmetic means and standard errors following backtransformation where necessary. ANOVA was used to test for differences between treatments in the experiment. Where significant differences were identified, Duncan's new multiple range test (P < 0.05) was used to detect differences between individual treatments.
The data sets for the number of flowers per pot and mean stem height at week 17 were non-parametric and were tested using a Kruskal-Wallis test. Pearson's product-moment correlation coefficient was calculated between biomass measures and foliar nutrient content at week 30 and tested for significance (P < 0.05). SPSS v24 was used for all statistical analysis.
Results
Biochar fertiliser properties
Both macro-and micronutrient content of the fertilisers differed (Table 1 ). The image of both commercial biochar fertiliser and organo-mineral biochar fertiliser indicated that the pores had been filled with minerals that are rich in Al/Si and Fe (possibly clay and Fe/O) (Figs. 2 and 3) . The commercial biochar fertiliser pores contained a small amount of P, K and Mg (Fig. 2d) . The organo-mineral biochar fertiliser had higher surface content of P, K, Mg and S than commercial biochar fertiliser (Figs. 2 and 3) . The organo-mineral biochar has wider and more open pores which have been coated with higher content of P, K, Ca and Mg compared to the commercial biochar fertiliser (Figs. 2 and 3 ).
Plant growth, biomass and yield
Organo-mineral biochar fertiliser at the high rate significantly increased mean stem height compared to other treatments at week 17 (p < 0.05, Fig. 4b ). The mean stem height of ginger at harvest was significantly increased by organo-mineral biochar fertiliser applied at the high rate compared to commercial biochar fertiliser before harvesting at week 25 (p < 0.05, Fig. 4a ). Organo-mineral biochar fertiliser at the high rate increased mean stem height by 22% compared with commercial biochar Fig. 3 a Image of the surface of organo-mineral biochar fertiliser. Scale bar represents 100 μm width. b EDS analysis. c High-resolution image of the pores of organo-mineral biochar fertiliser. Scale bar represents 10 μm width. d EDS analysis of the mineral coating on the pore Fig. 2 a Image of the surface of commercial biochar-based fertiliser. Scale bar represents 100 μm width. b EDS analysis. c Image of the pore of commercial biochar-based fertiliser. Scale bar represents 10 μm width. d EDS analysis; unlabelled peak is from chromium coating fertiliser week 25 (p < 0.05, Fig. 4a ). There were no significant differences among the other treatments (Fig. 4a ). There were no significant differences between treatments for time to emergence, number of flowers, total flowers height, total stem height, number of stems, number of leaves and mean leaves per stem (Table S1 and Figs. S1, S2, S3 and S4, Electronic Supplementary Material).
Organo-mineral biochar fertiliser at the high rate significantly increased mean stem dry biomass compared with both organic fertiliser and commercial biochar fertiliser (p < 0.05, Table 3 ). There were no significant differences in mean stem dry biomass among the other treatments. Aboveground dry biomass was significantly higher in plants treated with organo-mineral biochar fertiliser at the high rate compared with all other treatments (p < 0.001, Table 3 ).
Organo-mineral biochar fertiliser at the high rate significantly increased aboveground dry biomass compared to all other treatments (p < 0.001, Table 3 ). However, organomineral biochar fertiliser at the low rate and organic fertiliser presented similar aboveground dry biomass which was significantly higher than that of commercial biochar fertiliser (p < 0.001, Table 3 ). All treatments produced significantly more total wet and dry biomass than commercial biochar fertiliser (p < 0.01, Table 3 ). Other biomass measures were not significantly different between treatments (Table S1 , Electronic Supplementary Material).
Rhizome wet yield was significantly lower in plants that received commercial biochar fertiliser compared to the other three treatments (p < 0.05, Fig. 5a ). Commercial market value ($AU) was significantly higher in plants receiving organomineral biochar fertiliser at the high rate ($6.37 pot ) and commercial biochar fertiliser ($4.11 pot − 1 ) (p < 0.05, Fig. 5b ).
Commercial values of rhizomes from the organo-mineral biochar fertiliser at the low rate ($5.08 pot
) were similar to those from the organic fertiliser or commercial biochar fertiliser treatments (Fig. 5b) . Grade counts among treatments were not significantly different (Table S5 , Electronic Supplementary Material).
Foliar nutrient concentrations
In general, the organo-mineral biochar fertiliser treatment at the high rate increased foliar nutrient concentration and total foliar content. Foliar P concentration was similar between all treatments at weeks 14, 22 and 30 (Table S2 , Electronic Supplementary Material). At week 22, high rate organomineral biochar fertiliser significantly increased foliar K concentration compared to the organic fertiliser and low rate organomineral biochar fertiliser (p < 0.05, Table 4 ). The K concentration was similar among other treatments (Table 4 ). The K concentration for all treatments was similar at weeks 14 and 30 (Table S2 , Electronic Supplementary Material). Foliar S was not significantly different at week 22 (Table S2 , Electronic Supplementary Material). However, S concentration was highest in organic fertiliser and lowest in the high rate organomineral biochar fertiliser at week 30 (p < 0.05, Table 4 ). Copper was significantly elevated in leaf tissue of commercial biochar fertiliser compared to organo-mineral biochar fertiliser (low rate) at both weeks 22 and 30 (p < 0.05, Table 4 ).
Interestingly, the total nutrient content in leaves at week 30 was significantly increased by organo-mineral biochar fertiliser at the high rate for K, Ca, Cu and Al compared to commercial biochar fertiliser and significantly different to organic fertiliser for K, Ca and Cu (p < 0.05, Table 5 ). Organomineral biochar fertiliser at the low rate resulted in similar levels of total tissue nutrient for P, K and Al compared to the high rate treatment (Table 5) application differences (Table 2 ) at week 30, total P content in leaf tissue was significantly higher in both organo-mineral biochar fertiliser rates compared with commercial biochar fertiliser and did not differ compared with organic fertiliser (p < 0.05, Table 5 ). Total nutrient content at week 30 was not significantly different for Mg, S, Fe, Zn, B and Na (Table S3 , Electronic Supplementary Material).
Soil physicochemical characteristics
At week 14, organic fertiliser increased soil Ca and Mg compared with all other treatments except low rate organo-mineral biochar fertiliser for Mg, which was similar (p < 0.05, Table 6 ). At week 30, ORP was significantly higher in the high rate organo-mineral biochar fertiliser than other treatments (p < 0.001, Table 6 ). Organic fertiliser showed the lowest value for ORP among all treatments (p < 0.001) and soil pH did not vary among the treatments (Table 6 ).
The high rate organo-mineral biochar fertiliser increased soil available P over time and was significantly higher at week 30 (p < 0.05, Fig. 6 ). The high rate organo-mineral biochar fertiliser significantly increased available K at all sampling points (p < 0.05, Table 6 ). Organo-mineral biochar fertiliser high rate increased Fe, Cu and Al soil concentration compared to commercial biochar fertiliser at week 30 (p < 0.05, Table 6 ). Commercial biochar-based fertiliser displayed increased B compared to all treatments with organo-mineral biochar fertiliser high rate the lowest at week 30 (p < 0.001, Table 6 ). Soil nutrient concentrations were not different at any sampling points for S, Zn and Na (Table S4 , Electronic Supplementary Material).
Plant and soil relationships
Total, above and belowground biomass were positively correlated with yield (p < 0.05, Table 7 ). Yield, above and below ground biomass were positively correlated to Ca, Zn, B and Al total foliar nutrient content (p < 0.05, Table 7 ). P, K, Mg and Na were also correlated with both above and belowground biomass and S and Cu with aboveground biomass only (P < 0.05, Table 7 ).
Discussion
Our results showed that low rate organo-mineral biochar fertiliser may be used to substitute current organic practice and achieve similar yield and nutrition in ginger, partially ) at week 30 after planting. OF = organic fertiliser, CBF = commercial biochar fertiliser, O-MBF L = organo-mineral biochar fertiliser at low rate (3 t ha −1 ), O-MBF H = organo-mineral biochar fertiliser at high (7.5 t ha ) biochar-based fertilisers may improve nutrient concentrations and yield equally or better than commercial organic amendments. Furthermore, high rate organomineral biochar fertiliser improved soil P and K nutrient availability and in turn yield and commercial value, supporting our second hypothesis. We suggested high rate organo-mineral biochar fertiliser could be applied to increase the commercial value of ginger crops when economically feasible.
Nutrient improvement in soil and leaf tissue
Low rate organo-mineral biochar fertiliser at harvest provided similar levels of water extractable P in the soil compared with organic and biochar-based fertilisers. Water extractable P can represent soil stores readily available for uptake by roots but not total plant uptake (Schachtman et al. 1998; Bai et al. 2017) . Our study was consistent with reports of increased P following organo-mineral biochar fertiliser and pure (wood) biochar only applications when biochar did not receive additives or further post-pyrolysis Blackwell et al. 2015; Joseph et al. 2015a) . Novel integration of organic nutrients, minerals and magnetic iron in the matrix may have helped to increase the binding of P and other nutrients to the surface of the organo-mineral biochar fertiliser Chia et al. 2014 ). Additionally, post-heating of organomineral biochar can decompose C of both biochar and chicken manure leading to increased DOC (Lin et al. 2013) . Increased DOC can then assist in mineral P solubilisation because DOC may react with minerals and clays, preventing further P adsorption to the sites of organo-mineral biochar, thus increasing plant available concentrations in the soil profile (Lin et al. 2013) .
The significant increase of P in high rate organo-mineral biochar over time in our study could also be explained by high P chicken manure content added to the primary feedstock which could then be released via mineralisation into the soil (Chan et al. 2008; Wang et al. 2012) . Poultry litter biochars have higher nutrient value than those produced from plant materials (Chan et al. 2008; Bai et al. 2015b ). In addition, biochar P adsorption capacity decreases with pyrolysis temperatures above 400°C and P volatilisation can occur above 700°C (DeLuca et al. 2009; Jung et al. 2016 ). Hence, we produced a component of our biochar at approximately 450°C, aiming to improve the P content and adsorption capacity. This corroborates our first hypothesis that organomineral biochar fertiliser improves soil P status, and even when applied at the low rate, it performed similarly to the organic fertiliser control. The increase in P availability over time may be associated with positively charged sites on the biochar surface that P can bond to, instead of Al and Fe-oxides in the soil, in turn increasing the soil's capacity to retain and 
) and organo-mineral biochar fertiliser at low (3 t ha −1 ) and high (7.5 t ha Table 5 Ginger leaf total nutrient content at week 30 after planting using organic fertiliser (5 t ha ) and organomineral biochar fertiliser at low (3 t ha ) and high (7.5 t ha (Drake et al. 2015; Vaccari et al. 2015) . Surface Al and Fe content was higher for organomineral biochar fertiliser suggesting these ions may have been mined from the soil by the char surface allowing P greater opportunity for release to plants Fig. 3 . Greater P on the organo-mineral biochar fertiliser surface (Fig. 3 ) compared to commercial biochar fertiliser (Fig. 2) was also observed. The greater porous structure of the organo-mineral biochar fertiliser would also allow greater nutrient retention in the system . Localised soil mineral attachment may have been facilitated by Al directly on the biochar surface (Lin et al. 2012) . Additionally, the presence of clay in organomineral biochar fertiliser provides better P retention compared to commercial biochar fertilisers, because P adsorption to the clay constituent within the matrix may result in a sustained slow release of P . Foliar P in commercial biochar fertiliser was lower than both rates of organo-mineral fertiliser suggesting plant uptake had been limited by lower initial soil availability. Total foliar P content did not differ between high and low application rates of organo-mineral biochar fertiliser and the organic fertiliser amendment at harvest. This suggested that low rate application of organo-mineral biochar fertiliser was as effective as organic fertiliser to deliver P to plants and that both the high and low rates met the plant P requirement. Excess P in high rate organo-mineral biochar fertiliser applications may remain in the pots or be lost through leaching. Hence, our experiment suggests that high rate applications of organo-mineral biochar fertiliser may not be necessary for growing irrigated ginger in a clay soil.
Soil available K was also significantly increased by the high rate organo-mineral biochar fertiliser at weeks 14, 22 and 30. These pots contained more than twice as much K compared to the other treatments initially. The high K content in organo-mineral biochar fertiliser is consistent with other studies that found biochar to be a net source of K cations (Vaccari et al. 2015; Olmo et al. 2016) . Additionally, the incorporation of biochar into the fertiliser matrix may have increased the soil and fertiliser's capacity to retain K and other nutrients by providing additional binding sites on the biochar surface, increasing cation exchange capacity and decreasing leaching (Lehmann 2007; Sohi et al. 2010; Vaccari et al. 2015) . However, foliar K concentration was only elevated in Table 6 Soil parameters and available nutrient concentration at weeks 14, 22 and 30 after planting using organic fertiliser (5 t ha ) and organo-mineral biochar fertiliser at low (3 t ha −1 ) and high (7.5 t ha ) rate. Means with asterisk are significantly different p < 0.05, Duncan's new multiple range test plants at week 22 and only in comparison to the low rate organo-mineral fertiliser and organic fertiliser, suggesting K uptake may have intensified during the vegetative-growth phase (Nair 2013) . No differences in foliar K concentrations were identified at week 30 suggesting that K was not limiting in the longer term.
Interestingly at week 30, and in contradiction to foliar concentration, total plant K content was elevated in plants that received organo-mineral biochar fertiliser, high rate compared with organic and biochar fertiliser. Higher K uptake may be explained as the soil solution maintained higher concentrations of plant available K over the duration of the experiment. Majumdar et al. (2005) suggest 83 kg ha −1 K (100 kg ha −1 K 2 O) is sufficient for ginger plants grown in acidic soils containing low P and medium K similar to the parameters of our soil. In our study, the lowest K application rate was 198 kg ha −1 for plants that received commercial biochar fertiliser which is well above this threshold. Therefore, K levels may be reduced by approximately 65% (from 240 kg ha −1 ) when applying low rate organo-mineral biochar fertiliser in ginger. This represents a net K saving. Organo-mineral biochar fertiliser significantly improved total foliar Ca concentration at harvest despite only displaying increased soil levels at week 14. This may be because Ca was adsorbed early in the growth phase and has very low mobility within the plant accumulating in foliar tissue over time (Laegreid et al. 1999) . Ca complexes such as calcium carbonate (CaCO 3 ) may be present in the biochar material itself or from the gypsum (CaSO 4 ) that was added into the formulation at production ).
The effects of treatments on biomass and yield
The high rate organo-mineral biochar fertiliser significantly improved the commercial value of ginger due to a shift in the proportion of better grade rhizomes. Increased K and P availability may have facilitated increased crop value. Ginger price is subject to market variation based on grade which is determined by rhizome size (Camacho and Brescia 2009) . Recent work investigating peanut quality after biochar application has identified that crop yield quality, rather than quantity, can improve with biochar application (Blackwell et al. 2010; Xu et al. 2015a, b) . Our first hypothesis that soil nutrient (e.g. P and K) improvement would result in improved growth and yield is only partially supported with respect to plant height and biomass. This may be due to a short-term (< 1 month) reduction of soil inorganic nitrogen as biochar was applied at the time of planting and not before (Nguyen et al. 2017a ). However, our second hypothesis that low rate organo-mineral biochar fertiliser would perform similarly or better than conventional organic fertiliser is supported. Low rate organo-mineral biochar fertilisers produced similar yield and commercial value results compared to organic fertiliser. However, the high rate organo-mineral biochar fertiliser application increased the commercial value of the ginger by 36% ($1.68 pot
−1
). The plants in our study were regularly irrigated suggesting that improvements in commercial value were attributable to improvements in nutrient availability (particularly K and P) not biochar effects on water retention which was the case in the peanut study reported by Xu et al. (2015b) . The literature is rich in studies quantifying yield outcomes both positive and negative following biochar application (Hammond et al. 2013; Nelissen et al. 2015; Xu et al. 2015a; Zhang et al. 2016) . Our study suggests future work should routinely include an assessment of grade quality and commercial value as well as yield.
Yield displayed a significant positive correlation with B and Zn in our study. Ginger only requires small concentrations of B and Zn to grow but these small quantities are still important (Nair 2013) . Integrated B and Zn application (3:4.5 kg ha ), demonstrates increased rhizome size, yield, and economic return over consecutive years on deficient soils (Halder et al. 2007 ). Organo-mineral biochar fertiliser in our study contained B:Zn (1:23 g pot
). We suggested that this rate could be adjusted for ginger by increasing Zn in the mixture prior to undergoing secondary pyrolysis. A ratio (B:Zn) reflective of the organic fertiliser (1:15) may be appropriate as 1:1.5 suggested by Halder et al. (2007) using synthetic nutrients may be unachievable using organic inputs. Further research to develop organo-mineral biochar fertiliser for ginger cropping should address this shortcoming. 0 . 5 8 9 0 . 5 3 9 0 . 6 8 n s n s n s n s n s n s n s 0 . 4 5 7
ns not significantly correlated
Reducing biochar-based fertiliser application
Low and high rate organo-mineral biochar fertiliser performed similarly to organic fertiliser both for total dry biomass and rhizome yield, suggesting it can be considered as a suitable alternative for current organic fertiliser used in ginger systems. The application of low rate organo-mineral biochar fertiliser represented reductions of 21, 45 and 915%, respectively, for N, K and Ca, given application rates were calculated for similar P delivery per pot compared to organic fertiliser. Commercial biochar-based fertiliser was applied at the same rate as organic fertiliser but resulted in lower yield, aboveground biomass and total biomass. This is not surprising because of lower initial nutrient content suggesting it may require higher application rates to perform equivalently. This result supports our hypothesis that organo-mineral biochar fertiliser applied at low rates may be as effective as current organic fertiliser regimes despite reductions in gross nutrient content. Furthermore, application of low rate organo-mineral biochar fertiliser resulted in similar growth, yield and market value measures indicating it may be an effective substitute for organic or biochar fertilisers in ginger systems.
Most recently, similar organo-mineral biochar fertilisers applied at rates as low as 0.1 t ha −1 increased growth and yield in wheat and sorghum when compared to conventional fertilisers (Blackwell et al. 2015; Joseph et al. 2015a) . It is crucial that further biochar studies examine minimal effective rates. This knowledge may increase economic feasibility and the potential of wide scale adoption of organo-mineral biochar fertiliser in organic agricultural systems.
Conclusions
Our study demonstrated that organo-mineral biochar fertiliser applied at a high rate increased soil ORP, P, K and Ca availability and total plant uptake of P, K, Ca, Al and Cu compared with the organic fertiliser treatment. Increased ginger plant stem height and aboveground biomass were associated with increased P and K in the soil. Organo-mineral biochar fertiliser applied at high rate also increased ginger crop commercial value by $1.68 (36%) per pot. Our study suggested that ginger farmers could apply low rate organo-mineral fertiliser as a substitute to current organic practice or at a higher rate to increase commercial value where economically viable.
